Development and qualification of a room used to investigate component and system performance characteristics of heating, ventilating, and air-conditioning systems by Rayavarapu, Jagan M
UNLV Retrospective Theses & Dissertations 
1-1-2005 
Development and qualification of a room used to investigate 
component and system performance characteristics of heating, 
ventilating, and air-conditioning systems 
Jagan M Rayavarapu 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Rayavarapu, Jagan M, "Development and qualification of a room used to investigate component and 
system performance characteristics of heating, ventilating, and air-conditioning systems" (2005). UNLV 
Retrospective Theses & Dissertations. 1971. 
https://digitalscholarship.unlv.edu/rtds/1971 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
DEVELOPMENT AND QUALIFICATION OF A ROOM USED TO INVESTIGATE 
COMPONENT AND SYSTEM PERFORMANCE CHARACTERISTICS OF 
HEATING, VENTILATING, AND AIR-CONDITIONING SYSTEMS
by
Jagan M Rayavarapu
Bachelor of Technology 
Jawaharlal Nehru Technological University, India 
December 2001
A thesis submitted in partial fulfillment 
of the requirements for the
Master of Science Degree in Mechanical Engineering 
Department of Mechanical Engineering 
Howard R. Hughes College of Engineering
Graduate College 
University of Nevada, Las Vegas 
May 2006
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 1436784
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
UMI
UMI Microform 1436784 
Copyright 2006 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thesis Approval
The Graduate College 
University of Nevada, Las Vegas
December 15. 20 05
The Thesis prepared by 
J a g a n  M. R ay av a rap u
Entitled
Development and Qualification of a Room Used to Investigate Component 
and System Performance Characteristics of Heating/ Ventilating/ and Air- 
Conditioning Systems________________________________________________
is approved in partial fulfillment of the requirements for the degree of 
M a s te rs  o f  S c ie n c e  in  M ech an ica l E n g in e e r in g _________
E xam ina tpn  Committee Chair
Dean o f the Graduate College
Examination Committee M ember
Exam ination Comm ittee M ember Examination Committee Member
Graduate College Facidty Representative
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Development and Qualification of a Room Used to Investigate Component and 
System Performance Characteristics of Heating, Ventilating, and Air-
Conditioning Systems
by
Jagan M Rayavarapu
Dr. Douglas Reynolds, Examination Committee Chair 
Professor, Department of Mechanical Engineering 
University of Nevada, Las Vegas
An environmentally controlled room that can be used to investigate component and 
system performance characteristics of heating, ventilating, and air-conditioning (HVAC) 
systems was developed and qualified. The room has two air supply distribution systems, 
one is a conventional air distribution system where conditioned air is delivered from the 
ceiling diffusers, and the second is an underfloor air distribution system where 
conditioned air is delivered through diffusers located in the floor. The development 
required extensive construction work for the two air distribution systems and the surface 
temperature control, data acquisition, and recording systems. The room surfaces were 
divided into thirteen separate zones that can be independently maintained at specified 
temperatures. This was accomplished through the use of a Daikin central condenser unit 
and thirteen separate Daikin fan-coil units that supplied conditioned air to each of the 
thirteen zones. A computer-controlled instrumentation measurement system was 
implemented per the ASHRAE standards for testing. The under floor air distribution
111
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system was tested and shown to have a leakage rate that was within acceptable limits. 
Other tests, which included the measurement of airflow velocities around baseboard 
heaters and from ceiling and floor air distribution diffusers and the ability to control room 
surface temperatures over an extended period of time, were conducted to qualify the 
environmentally controlled room.
IV
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CHAPTER 1 
INTRODUCTION
1.1 Research Objectives
The objectives of the work described in this thesis were to develop:
• An Indoor Environmental Systems Room (hereafter referred to as the lESR) that can 
be used to investigate the performance of individual components and complete 
systems associated with heating, ventilating, and air-conditioning (hereafter referred 
to as HVAC) systems and their related effects on building occupants, and
• An lERS that can be used to investigate conventional air distribution (hereafter 
referred to as (CAD) and under floor air distribution (hereafter referred to as (UFAD) 
systems.
The work reported in this thesis included:
• The design and construction of two air distribution systems that can be used to supply 
conditioned air to the lESR,
• The placement of sensors within the room and in the related air distribution systems 
to measure room surface and air temperatures, duct airflow volumes and room air 
diffusion characteristics, duct and diffuser air pressures and related pressure drops, 
and room relative humidity
• The development of a computer-controlled data acquisition system, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• The qualification of the lESR and related sensor and instrument systems for future 
work.
1.2 CAD and UFAD Air Distribution Systems
One of the two air distribution systems used in the lESR is a ceiling air distribution 
system, which is popularly known as a CAD system. This system is commonly used in 
most commercial and public buildings in the United States. The other air distribution 
system is an UFAD system. UFAD systems have long been used in Europe and are 
gaining acceptance in the United States.
Conditioned air from a CAD system is supplied to a room through diffusers/grilles 
located in the ceiling and leaves the room through return air grilles located in the ceiling. 
A schematic drawing of a CAD system is shown in the Figure 1.1.
Figure 1.1 Conventional air distribution process
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UFAD systems, which are often referred to as access floor systems, are gaining 
popularity with designers and building users and operators in the United States. A 
schematic drawing of a basic UFAD system is shown in the Figure 1.2. The system 
consists of a raised floor with a supply air plenum in the void between the concrete floor 
structure and the raised floor. The raised floor is constructed of floor panels supported by 
pedestals at each comer. Floor supply air grilles or diffusers are placed in holes cut into 
the floor panels. Features of UFAD systems include:
• Supply air is provided at locations where building occupants are located.
• The floor supply air and electrical outlets can be easily relocated to suit revised floor
layouts.
• UFAD systems are very forgiving to variations in the internal cooling loads.
• Building occupants can individually adjust the airflow volumes in their respective 
areas.
• Energy costs are lower.
• There is a potential for improved indoor air quality over CAD systems.
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Figure 1.2 Underfloor air distribution schematic diagram
UFAD systems reduce the required depths of overhead plenum spaces and eliminate 
sheet metal ducts that make up the air supply sides CAD systems. This results in claims 
of reduced construction costs and shortened required deck-to-deck heights in high-rise 
buildings
1.3 UNLV Indoor Environmental Svstems Room (lESR)
A literature review of existing UFAD and displacement ventilation test facilities 
throughout the world was completed. There are few UFAD test facilities in the world. 
However, several experimental studies have beeti undertaken in these facilities. 
Information about these facilities and their limitations was very useful in developing the 
lESR, and it made it possible to build the most advanced CAD and UFAD laboratory 
facility in the world. The unique advantages of the UNLV lESR are:
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• Flexibility and versatility associated with a computer-controlled traversing system 
that can accurately place sensor at any location within the room;
• An adjustable-height ceiling that can be used to vary the room height;
• The ability to control surfaces temperatures of all of the room surfaces (floor, ceiling, 
and walls; and
• A computer-controlled data acquisition system that can in real time monitor and 
control all of the lESR environmental conditions and continuously collect and process 
data from all of the room sensors.
A Daikin multiple split type variable refrigerant volume system was used to control the 
surface temperatures of all of the lESR room surfaces. Temperature-controlled air is 
directed through air passages adjacent to all of the room surfaces (floor, ceiling, and 
walls). The room surfaces are divided into 13 zones: 2 floor zones, 3 ceiling zones, and 8 
wall zones. The temperature of each zone can be individually controlled. They can 
simultaneously be placed in cooling and heating modes, which makes it possible to 
simulate multiple heating and cooling load conditions associated with the room surfaces. 
Based on cooling/heating load and airflow requirements, the Daikin fan-coil units that 
supply air to the room surface zones and the Daikin condenser unit that supplies 
refrigerant to the fan-coil units are automatically set to create the desired room surface 
temperatures. A light bank (solar simulator) with a window frame system placed in one 
end of the lERS will be used in the future to simulate solar loads from outside windows.
Conditioned air is supplied to the lERS by means of a closed-loop air delivery 
system. The air temperature is controlled by two heat pumps, and the air is circulated by a 
centrifugal fan. Air can be supplied to either the CAD or the UFAD systems.
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A data acquisition system that allows flexible, rapid and powerful data collection 
from tests in the lESR has been developed. Room surface temperatures, duct airflow 
temperatures and flow volumes, duct pressures and pressure drops through duct elements 
and room air diffusers, and room relative humidity can be continuously monitored. A 
four-axis, computer-controlled traversing mechanism can be used to measure room 
interior temperatures, airflow velocities from diffusers, and sound at any interior point in 
the lESR. Measurements can be made along any vector direction, in any room plane, or 
in any incremental room volume within the lESR. The user interface of the data 
acquisition systems continuously displays critical values, such as wall surface 
temperatures, duct and plenum pressures, duct airflow velocities, and traversing 
mechanism location that are necessary to insure a successful test. Time, position, and 
sensor measurement values are continuously recorded to memory in real time.
The lESR has two above-ground access floors. The bottom access floor is used to 
simulate the ground / slab / floor temperatures and, therefore, control the lower surface 
temperature of the UFAD floor plenum. The upper access floor is used to create an 
UFAD supply air plenum that provides conditioned air to the lESR through floor 
diffusers.
1.4 Indoor Environmental Svstem Room (lESRl Qualification Tests 
Various qualification tests were conducted in the lESR per appropriate ASHRAE 
standards to insure that the lESR performed as desired. They are briefly discussed here 
and in detailed in the Chapter 4.
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UFAD under-floor plenum air leakage: Air leakage tests were conducted on the UFAD 
under-floor plenum to insure that undesirable air leakage firom the plenum was within 
acceptable values.
Airflow velocities around baseboard heaters: The convection airflow velocities around 
baseboard heaters used to simulate people within the lERS were measured to insure they 
were within acceptable values.
Room airflow velocities from ceiling diffusers: Preliminary tests were conducted to 
measure the room airflow velocities associated with airflow from ceiling diffusers.
Computer-aided data acquisition calibration: Temperature, airflow, relative humidity, 
and pressure histories associated with all of the lERS sensors and instruments were 
obtained using the computer-aided data acquisition system to insure everything was 
operating properly. Data were plotted on graphs with respect to time of day to check the 
lERS room characteristics.
Calibration test fo r  UFAD system: Temperature, airflow, and pressure histories were 
obtained for all of the lERS sensors and instruments when the room air distribution 
system was running in the UFAD system mode. Data were plotted on graphs with respect 
to time in of day.
1.5 Indoor Environmental Svstem Room (lESR) Development Team
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The development and qualification of the lESR was a team effort by the following
individuals: Dr. Douglas Reynolds, Dr. Tom Tan, Dr. Brian Landsberger, Dr. Xin Hu,
Mr. Erik Wolf (Ph.D. student), and Jagan Rayavarapu (MS student). Work reported in
this thesis that was specifically completed by Jagan Rayavarapu is:
• Preparation of all design and assembly drawings in Solid Works and individual zone 
drawings in AutoCad;
• Modification of all diagrams according to changes in the plan and blue prints used for 
construction;
• Assisted in the gathering of literature material in the related fields and prepared report 
on load calculations and airflow required by the UFAD systems;
• Played an active role in the construction of room modifications associated with the 
lERS, assisted in the installation of all room sensors, and assisted in every step of the 
work;
• Assisted in the development of the different test protocols planned for the lERS.
• Performed ceiling diffuser and baseboard heater airflow velocity tests and other 
calibration tests for airflow; and
• Conducted the UFAD air leakage and qualification tests for different plenum static 
pressure conditions.
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CHAPTER 2
REVIEW OF RELATED LITERATURE
2.1 Findings and Comparisons in UFAD Test Facilities
A literature review was conducted to determine the capabilities of existing UFAD test 
facilities throughout the world. Information from this review provided guidance for the 
development of the UNLV Indoor Environmental Systems Room (lESR). Literature 
associated with twenty UFAD and Displacement Ventilation (DV) test facilities was 
examined. Nine facilities were UFAD test facilities, and eleven were DV test facilities. 
Detailed information about these test facilities can be found in the listed references.
Ten test facilities were studied in detail and are documented in Section 2.2. They 
include nine UFAD test facilities and one DV test facility. Three UFAD test facilities are 
located in the USA: one in the UNLV Ventilation & Acoustics Systems Technology 
Laboratory and two in the UC Berkley Center for Built Environment (Webster et al. 
2002, Webster et al. 2002a, Bauman et al. 1991). Four UFAD test facilities are located in 
Japan (Nakano et al. 1997, Akimoto et al. 1995, Hanzawa et al. 1990 and Kawahara et al. 
1999). One UFAD test facility is in South Korea (Kim et al. 2001). One UFAD test 
facility is in Hong Kong (Chao et al. 2004, Chao et al. 2004a). The DV laboratory is 
located at the Halton Company (Livchak et al. 2004).
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Several DV test facilities were examined. They include one facility in the USA (Chen 
et al. 1998 and Yuan et al. 1999 ), one facility in Norway (Mathisen 1991), one facility in 
Denmark (Nielsen 2000, and Brohus et al. 1996), one facility in Netherlands (Loomans et 
al. 1997 and Loomans 1999), one facility in Germany (Sodec et al. 1990), two facilities 
in Sweden (Mundt 2001 and Li 1992), one facility in Japan (Xu et al. 2001), and one 
facility in China (Ni 2000). These facilities were not studied in detail because the primary 
focus of the literature review was UFAD test facilities.
Characteristics of the ten laboratory facilities that were examined included:
• Design and size of the test chamber or room,
• Types of sensors and instrumentation used for tests,
• Types of research conducted in the laboratory facilities, and
• Limitations of the laboratory facilities.
A summary of the literature review of the ten laboratory facilities that were investigated 
is listed in Table 2.1.
10
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Table 2.1 Comparison of Environmental Laboratories
Items 1 2 3 4 5 6
Lab Name Lab Location
Characteristics of lab facilities
Test Cllamber
Size
(LxWxH)
Ceiling
height
adjustable
Raised
floor
The test chamber is 
built in a controlled 
environment chamber 
(a bigger room)
lESR Advantages □ □ □
1 UNLV lESR
University of 
Nevada Las 
Vegas, USA
30 ft x 22 
ft X 13 ft
7 ft to 13 
ft
8 in. to 
18 in. No
2
Center for the 
Built 
Environment - A 
(Two 
generations)
University of 
California 
Berkeley, USA
16 ft x 16
ft X 8 ft No 24 in. Yes
3 DisplacementLaboratory
Halton 
Company, USA
32 ft X 16 
ft X 10 ft No No Yes
4
Human
Environmental
Engineering
Ochanomizu
University,
Japan
52 ft X 20 
ft X 9 ft No 4.7 in. Yes
5
Thermal/Flow 
Control Research 
Center,
Korea Institute 
of Science and 
Technology, 
Seoul, Korea
8 f tx  8ft  
X 6 ft No 8 in. Yes
6
Center for the 
Built 
Environment - B
University of 
California 
Berkeley, USA
80 ft X 40 
ft No
7 in., 3 
in. and 2 
in.
Yes
7
Technology
Development
Center
Shimizu 
Corporation, 
Tokyo, Japan
20 ft X 19 
ft X 8 ft No 6 in. Yes
8
Technical
Research
Laboratory
Takenaka Corp, 
Tokyo,Japan
14 f t  X 11
f t  X 8 ft No 12 in. Yes
9
Department of 
Human Life 
Science
Osaka City 
University, 
Japan
1 2 ftx  12 
ft No Yes
10
Department of 
Mechanical 
Engineering
The Hong 
Kong 
University of 
Sci. & Tech.
1 9 ftx  10 
f t  X 9 ft No 12 in. Yes
11
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 7 8 9 10 11 12
Wall structure Ceilingstructure
Exterior wall 
simulation w/ 
temperature 
control
Interior wall 
simulation w/ 
temperature 
control
Floor/slab 
temperatur 
e control
Ceiling/roof
temperature
control
□ □
1
Steel structure, 
sheet metal both 
side, insulations 
R10 + R8
Acoustical tile, 
lighting fixture Four walls Four walls Yes Yes
2
2 ft steel studs 
O .C ., fiberglass 
R ll , sheet rock 
both sides
Acoustical tile, 
ventilated 
parabolic 
fiorescent 
lighting fixture
One wall Three walls No No
3 Unknown Unknown Heat tape on walls
Heat tape on 
walls
Heat tape 
on floor
Heat tape on 
ceiling
4 Unknown Unknown One wall, similar to CBE
Three walls, 
similar to 
CBE
No No
5 Unknown Unknown
Water- 
circulated 
aluminum heat 
exchangers
Water-
circulated
aluminum
heat
exchangers
No No
6 Unknown Unknown No control No control No No
7 Unknown Unknown
No control, but 
with 4 in. thick 
urethane foam
No control, 
but with 4 in. 
thick 
urethane 
foam
No control, 
but with 2 
in. thick 
urethane 
foam
No control, 
but with 4 
in. thick 
urethane 
foam
8 Unknown Unknown No No No No
9 Unknown Radiator panels No No No No
10 Unknown Unknown No No No No
12
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 13 14 15 16 17
Exterior 
window 
simulation w/ 
light bank
Interior heat gains Floor diffusers Return air outlet
Control
point
1
Yes, 3.0 
W/sqft, 
adjustable
Manikin with heat tape
Square (SQ), 100 
cfm, and swirl 
(SW), 100 cfin
4 diffusers 
in the 
ceiling
2 Yes, 2.9 W /sqft
Computers, CRT monitors, 
printers, desk lamps, occupants
Variable area 
(VA), 150 cfm, 
and swirl (SW), 
90 cfm
Sidewall 
return grille Unknown
3 Heat tape on window
10 metal cylinders (40 in. high 
and 12 in. diameter) with 60 light 
bulbs inside to simulate the heat 
from students, two computers, 
fluorescent lights (0.9 W/sqft)
Not Applicable Unknown Unknown
4 Yes
10 to 20 light bulbs covered with 
aluminum cylinder (100 W) to 
simulate the scattered (2 lines) or 
clustered heat sources, 3 thermal 
manikins facing window
One to three, 150 
to 180 CFM each
Several
diffusers
with
lighting
fixture
Unknown
5 No No
1 floor diffuser in 
the center of the 
room
4 diffusers 
(8 in. ID) 
in the 
ceiling
Unknown
6 No No
32 rectangular 
grills, 4 in. X 14 
in., 100 CFM 
each, 0.5 to 1.5 
CFM/sqft
Unknown Unknown
7 No
Recessed fluorescent lighting 
fixtures, 16 W/m2, computer, 
occupant
Perforated raised 
floor, 0.4 in. 
diameter holes 
every 1.2 in.
Eight in the 
ceiling Unknown
8 No Regular office configuration Two outlets Two inlets Unknown
9 No Unknown Unknown Unknown Unknown
10 No Lighting fixtures, occupant, computer and equipment Unknown Unknown Unknown
13
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 18 19 20 21 22
Instrumentation
Control
method Air-conditioning system
Travers­
ing
system
The number 
of profile 
trees or poles
Temperature sensors in 
each pole
□
1
Two 5 tons heat pumps 
and inverter-controlled 
supply fan (50-2000 
CFM).
Yes, 3D
Two/three,
travel
everywhere
8 sensors. Air Low 
Velocity and Temperature 
Measurement System 
HT-400, 0.36 F accuracy
2 Unknown Unknown No
Three in 
three 
locations
100 ohm RTDs, accuracy 
of ±0.5 F, 23 sensors
3 Unknown Unknown No One in eight locations
8 sensors. Air Low 
Velocity and Temperature 
Measurement System 
HT-400, 0.36 F accuracy
4
Constant 
supply air 
volume, 
variable 
temperature
Unknown No One in eight locations
8 sensors in 0.0, 0.1, 0.6, 
1.1, 1.7, 2.2, 2.7 and 3.0 
m, thermocouple
5 No
A 10 kW refrigerating 
unit, a 16 kW electric 
heater, an 8 kg/h electric 
humidifier, and inverter- 
controlled supply and 
exhaust fans.
Yes, 2D, 
0.5mm 
accuracy
One, travel 
everywhere
Type T thermocouples, 
±0.1 C of accuracy, 32 
points
6 Unknown Unknown No Zero No
7
Constant 
supply air 
temperature
Unknown One in nine 
locations
7 sensors, thermocouples 
without shields, 0.4 F of 
accuracy
8 Unknown Unknown No Unknown Unknown
9 Unknown Unknown No Unknown Unknown
10 Unknown Unknown No One 4 sensors at 0.1, 0.6, 1.1 and 1.7 m
14
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 23 24 25 26 27
Velocity sensors on each 
pole
Surface
temperature
measurement
Supply air 
temperature 
measurement
Return air 
temperature 
measurement
Underfloor air 
temperature 
measurement
1 Omnidirectional, 5% accuracy, 8 sensors
Thermocouples 
, 90 points Yes Yes Yes, 1 point
2 7 sensors in 0.1, 0.6, 1.1, 1.7, 2.0 and 2.35 m
Type K or T 
thermocouples, 
27 points
Yes Yes No
3
8 sensors. Air Low 
Velocity and Temperature 
Measurement System HT- 
400, ±4 1pm or 3% 
accuracy
Unknown Unknown Unknown No
4
3 sensors in 0.1, 1.1 and 
1.6 m. Indoor climate 
analyzer
Thermocouple, 
7 points for 
wall, 15 points 
for windows
Yes Yes Yes, 42 points
5
ID omnidirectional 
anemometer with an 
accuracy of 0.15 m/s, 112 
points; 3D ultrasonic 
anemometer with an 
accuracy o f 0.3 m/s, 19 
points
Unknown Unknown Unknown Unknown
6 No No No No No
7 No No No No No
8 Unknown Unknown Unknown Unknown Unknown
9 Unknown Unknown Unknown Unknown Unknown
10
TSl 8475 Omnidirectional 
velocity transducer, 0-2.5 
m/s, 0.025 m/s of accuracy
Type T 
thermocouples, 
0.1 C of  
accuracy
Unknown Unknown Unknown
15
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 28 29 30 31 32 33
Under floor static 
pressure measurement
Air flow rate 
measurement 
of ducts
Air flow rate 
measurement 
of air outlets
Humidity
measure­
ment
Mean radiant 
temperature 
measurement
Flow
visualization
1 Yes, 1 point
Nozzle 
chamber and 
Pitot tube 
meter
Flow hood Yes Yes TED
2 No Orifice meter Barometer Yes No No
3 No Unknown Unknown Unknown No No
4 No Unknown Unknown Yes, 0.6 m
Yes, Indoor 
climate 
analyzer in 
1.1 m
No
5
Yes, static pressure 
pitot tubes + digital 
micromanometer with 
an accuracy of 0.01% 
of reading
Yes,
anemometer
Yes,
anemometer No No
Yes, paraffin 
oil smoke 
generator
6
Yes, with velocities, 
digital micro­
manometer with pitot 
tube at ten 
measurement points, 
6% of accuracy
Flow 
measurement 
stations, 1% 
of accuracy
Flow hood, 
10% of 
accuracy
No No No
7 No No No No No
Yes, smoke 
machine, 
water-soluble 
aerosol 
emission, 
thermal 
plume 
capture 
device
8 Unknown Unknown Unknown Unknown Unknown No
9 Unknown Unknown Unknown Unknown Unknown No
10 Unknown Unknown Unknown Un­known Unknown No
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 34 35 36 37 38 39 40 41
Conducted research in lab facilities
UFAD
Tracer
gas
Thermal
stratification
Thermal comfort 
and subjective 
test
lAQ Air flow pattern
Flow
visualization
Air
supply
plenum
TBD
1
2 No Yes
3 No
4 No Yes Yes
5 No Yes Yes
6 No Yes
7 C 02 Yes Yes Yes
8 No Yes
9 No Yes
10 No Yes
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Table 2.1 Comparison of Environmental Laboratories (continued)
Items 42 43 44 45 46 47 48
Limitations References
Displacement
ventilation
Venti­
lation
Classroom, 
lAQ and 
Energy Savings
1
2
Only one 
exterior wall 
can be 
simulated
Uncontrolled 
temperature 
for floor and 
ceiling
Webster et al. 2002, 
Webster et al. 
2002a, 
Bauman et al. 1991
3 Yes
No raised floor, 
just for 
displacement 
ventilation tests
Livchak et al. 2004
4
Only one 
exterior wall 
can be 
simulated
Uncontrolled 
temperature 
for floor and 
ceiling
Nakano et al. 1997
5 No solar simulator
Uncontrolled 
temperature 
for floor and 
ceiling
No
movable
ceiling
Kim et al. 2001
6
Study the 
impact o f the 
air supply 
plenum height 
only
Bauman et al. 1999
7 Yes Perforated floor
Limited
velocity
measurement
Akimoto et al. 1995
8
Uncontrolled 
temperature for 
floor and 
ceiling
No windows Hanzawa et al. 1990
9
Uncontrolled 
temperature for 
floor and 
ceiling
No windows
Kawahara et al. 
1999
10
Uncontrolled 
temperature for 
floor and 
ceiling
No windows Chao et al. 2004, Chao et al. 2004a
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2.2 Load Calculations and air flow measurements for UFAD systems
A literature review was completed that examined heat load calculations and airflow 
measurements for UFAD systems. This review included relevant research and 
experiments completed on UFAD systems around the world. There are few methods or 
procedures for calculating heat load and air volume required for UFAD systems.
2.2.1 Summaries of four key papers
Following are summaries of four papers that described heat load and airflow 
calculation techniques for UFAD systems.
(1) Under Floor Air Distribution (UFAD) Design Guide 
Authors: Fred S. Bauman, Allan Daly Affiliation: ASHRAE
Bauman and Daly described the variations between CAD and UFAD systems using 
mixing concepts. The assumption of fully mixing in CAD systems cannot be applied to 
UFAD systems as upper and lower mixing zones exist in UFAD systems. They modified 
the standard energy-balance equation for a CAD system by considering associated 
changes in UFAD systems. Assigning heat loads to occupied and unoccupied zones was 
explained. Individual heat loads, required air volumes and return air temperature were 
used in developing the equations.
(2) Underfloor Air Distribution Solutions for Open Office Applications 
Author: Kenneth J.Loudermilk Affiliation: ASHRAE
Loudermilk stressed the importance of the accurate determination of heat loads to 
determine the required air volume for UFAD systems. The splitting of heat gains between
19
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convection and radiation portions was described using tables derived from ASHRAE 
data. The supply air temperature was found using the graph that uses ratio of effective 
sensible heat gain to total sensible heat gain. The required supply airflow for a UFAD 
system was calculated using this temperature.
(3) Which Cooling Air Supply System is Better for a High Heat Density Room:
Underfloor or Overhead?
Authors: Masaki Nakao, Hirofumi Hayama, and Masatoshi Nishioka 
The authors compared UFAD supply/overhead return system, UFAD supply/horizontal 
return system, CAD supply/underfloor return system, and CAD supply/horizontal return 
system. They discussed air distribution goals and showed from experiments that UFAD a 
system is the best because it required lowest supply air to maintain the same air 
temperature and distribution conditions. The concept of differential temperature ratio was 
introduced. It is related to supply, return and average temperatures and is obtained from 
experimental graphs. By substituting the differential temperature ratio into the heat 
balance equation, the supply airflow rate can be determined.
(4) Calculation Methodfor Airflow Rate in Displacement Ventilation Systems 
Author: J. Laurikainen Affiliation: ASHRAE.
Displacement ventilation works on the simple principle that warm air rises. Tracer gas 
techniques were used to determine the concentration of stratification. The shift zone 
concept was introduced and was defined as the height where the concentration of the 
tracer gas is one third of the air concentration. This will provide good air quality. Using
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the graph obtained from ten different heights of concentration, the required air volume for 
a UFAD system can be calculated.
2.2.2. Existing Load and Airflow Rate Calculation Methods
(1) Bauman 2003a: Some changes may be made to CAD load calculations for use with 
UFAD systems. Stratification is the key factor in developing cooling models for UFAD 
systems. Airflow from the floor to ceiling produces a vertical temperature gradient. This 
results in stratifying the room into occupied and unoccupied zones. Convection heat gains 
above the stratification height (dividing line between occupied and unoceupied zones) 
can be neglected because air cannot travel from the unoccupied zone to the occupied 
zone. The UFAD design goal is to maintain the stratification height near to the top of the 
occupied zone. The main concern for UFAD design is lower occupied zone that affects 
occupants’ thermal comfort.
Fleat gains can be assigned to the occupied and unoccupied zones. Heat components 
(i.e., occupants, lights and equipment) can exist in either the occupied or unoccupied 
zone. However, the heat load from a heat component may not necessarily be assigned to 
either the occupied or unoccupied zone where it physically resides. The location and type 
of the heat load can be split into convection and radiation portions (see Table 2.1) and 
then assigned to either the occupied or unoecupied zone or both. Design engineers must 
use their judgment in assigning these loads, especially for those areas near the 
stratification height.
This method leads to a simplified two-zone UFAD load calculation model. For this 
procedure, and Q„„occupied are determined as described above (assigning heat loads
to the two zones). The supply air volume is calculated based on the heat load and
21
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temperature difference in the ‘occupied zone’ (Figure 2.1).
Table 2.1 Radiant/Convective split for typical office heat sources
Heat Source Radiant 
Portion [%]
Convective 
Portion [%]
Transmitted solar, no inside shade 100 0
Window solar, with inside shade 63 37
Absorbed (by fenestration) solar 63 37
Fluorescent lights, suspended, unvented 67 33
Fluorescent lights, recessed, vented to return air 59 41
Fluorescent lights, recessed, vented to return air and supply air 19 81
Incandescent lights 80 20
People, moderate office work 38 62
Conduction, exterior walls 63 37
Conduction, exterior roof 84 16
Infiltration and ventilation 0 100
Machinery and appliances 20 to 80 80 to 20
Solve for CFM required in ‘occupied zone’. 
nr.cfm. F
where:
is the temperature ( ° F )  near the top of the lower zone and 
s^aÿpiy is the temperature ( ° F )  of supply air 
Q is the heat load ( Btu/hr )
'^ return is the temperature ( “F  ) of return air
(2.1)
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II
u
I
I
Q unoccupied
Stratification height
Q occupied
CFM, Tsuppiy
Figure 2.1 Definition of two zones for simplified UFAD load calculation model.
The return air temperature, 7%,^, is calculated based on the heat load in the ‘unoccupied
zone .
a unoccupied -  (11
Btu
hr.cfm.°F
(2.2)
(2) Loudermilk 1999: For this method, the volume of air to be supplied by the UFAD 
system is controlled by heat gain loads in the occupied zone. Thus, a heat gain analysis 
should be sufficiently accurate to calculate the required air volume. The convection heat 
gains outside the occupied zone do not affect the occupied zone; and therefore, this 
portion of of the heat loads can be neglected. Effective heat gain factors (ESHG), which 
are derived from data (ASHRAE 1997a, 1997b) that contain the radiation/convection 
split of the respective heat gain sources (Table 2.2) are used for this method. They are 
applied to individual heat gain sources to quantify their impact. Individual effective heat 
gains are added to find the effective sensible heat gain (ESHG) as shown in Table 2.3. 
The ratio of the ESHG to the summation of all sensible heat gains within the occupied 
zone is used to determine the minimum supply air temperature using Figure 2.2.
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Table 2.2 Effective sensible beat gain factors for the office environment.
Heat Source and Location
% of Heat 
Gain that is 
convective
Effective Heat Gain Factor 
(EHGF),
Height o f Diffuser Mixing Zone
(% of Total 
Heat Gain) 4ft 5ft 6ft 7ft 8ft
Perimeter Walls and Glass
Transmission through wall or glass 40.0% 0.77 0.82 0.87 0.91 0.96
Solar beat gain:
Interior shades(blinds) 40.0% 0.60 0.68 0.76 0.84 0.92
No interior shades(blinds) 0.0% 1.00 1.00 1.00 1.00 1.00
Infiltration!sensible gain only) 100.0% 1.00 1.00 1.00 1.00 1.00
Lighting
Incandescent (within occupied zone) 20.0% 1.00 1.00 1.00 1.00 1.00
Incandescent (above occupied zone) 20.0% 0.80 0.85 0.90 0.95 1.00
Fluorescent (within occupied zone) 50.0% 0.90 0.95 1.00 1.00 1.00
Fluorescent (above occupied zone) 50.0% 0.50 0.60 0.70 0.80 1.00
People (Sensible Heat Gain Only)
Seated (stationary) 40.0% 0.70 0.85 1.00 1.00 1.00
Standing or transient 40.0% 0.55 0.65 0.85 1.00 1.00
Office Equipment and Machinery
Personal computer, tower type 70.0% 1.00 1.00 1.00 1.00 1.00
Personal computer, desktop type 70.0% 0.65 0.80 0.95 1.00 1.00
Monitor, no shelf directly above 63.0% 0.65 0.80 0.95 1.00 1.00
Monitor, shelf directly above 63.0% 0.80 0.90 1.00 1.00 1.00
Laser printer (desktop type) 90.0% 0.75 0.90 1.00 1.00 1.00
Copy machine (console type) 85.0% 0.75 0.90 1.00 1.00 1.00
Facsimile machine (desktop) 90.0% 0.75 0.90 1.00 1.00 1.00
Substituting the supply air temperature into the following equation yields the required 
supply airflow volume:
Supply Airflow (cfm) -  Effective Sensible Heat Gain (Btuh) / (1.1 * At) (2.3)
where:
A t = Temperature differential ( ”F  ) between room air (at 4ft level) and the entering 
supply air.
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6 8 10 12 14 16 18 20 22
Recommended Differential* between Room (Tc) and Supply Air Temperature (Ts in "*F)
Figure 2.2 Curve for determining the supply air temperature
Table 2.3 Space sensible beat gain analysis
Heat Source and Location
Space Total 
Sensible 
Heat Gain
Effective 
Sensible 
Heat Gain Factor
Space Effective 
Sensible Heat 
Gain
Btu/h W Btu/h W
Perimeter Walls and Glass
Transmission through wall or 
glass 20812 6100 0.77 16025 4697
Solar heat gain:
Interior shades(blinds) 40637 11911 0.60 24382 7146
Lighting
Fluorescent (above occupied 
zone) 107136 31402 0.50 53568 15701
People (Sensible Heat Gain 
Only)
Seated (stationary) 35770 10484 0.70 25039 7339
Office Equipment and 
Machinery
Personal computer, desktop 
type 24050 7049 0.65 15633 4582
Monitor, no shelf directly above 34450 10097 0.65 22393 6563
Laser printer (desktop type) 79950 23433 0.75 59963 17575
Copy machine (console type) 24000 7034 0.75 18000 5276
Facsimile machine (desktop) 1200 352 0.75 900 264
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Total Sensible Heat Effective Sensible Heat
Space Total Heat Gain Btu/h W Btu/h W
368005 89852 235902 57299
Effective Sensible Heat Gain 
(% of Total Sensible Heat Gain 64.1%
(3) Nakao 1992: For this method, different airflow distributions are compared by cooling 
efficiency. This means that for the same temperature distributions, the airflow 
distribution resulting from the lowest supply airflow from experiments is best. UFAD 
systems appeared to have the highest cooling efficiency. The concept of differential 
temperature ratio is introduced for this method and is related to supply, return and 
average temperatures.
Basic equations for UFAD air distribution system:
Differential temperature ratio (m) is obtained from:
m : ^am - ^ 0  _  j
0 1 - d o  ^ ^ 1
(2.4)
where:
$0 -  the supply air temperature CK);
0^  = the return air temperature ( ” A” ); and
a^m ~ the vertical average air temperature C K )  generated by the equipment. 
The beat (kW), H, generated by equipment is given by:
H  =
where:
(2.5)
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V = airflow rate supplied by tbe cooling units ! sec )
c \ = tbe specific beat of air ( AJ / kg^K )
y . = density ( Ag / )
Tbe required supply air flow rate, V, is obtained by combine equations (2.4) and (2.5), or: 
mHV = - (2.6)
H is obtained from tbe different types of equipment tbat are located in a space supplied 
by a UFAD system. 6^^ is specified by tbe desired design condition in tbe space supplied 
by tbe UFAD system. Tbe differential temperature ratio, m, is obtained from Figure 2.3.
Underfloor supply 
overhead return system
Underfloor supply 
horizontal return system
Overhead supply 
underfloor return system
Overhead supply 
horizontal return system
N
0.5 1 1.5
Differentiai temperature ratio m
Figure 2.3 Comparison of ratio m for each system
(4) Laurikainen 1991: Displacement ventilation works on tbe upward natural movement 
of air as it warms up. Displacement ventilation is designed by determining tbe total 
convection beat flow generated by tbe beats sources in a space. Heat loads from different
27
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heat sources in a space result in different amount of convection. This problem is 
addressed by choosing the most important parameters affecting the convection heat flow. 
These parameters were obtained from 140 tests conducted under both laboratory and field 
conditions. Correlations for the airflow rate calculations for displacement systems were 
developed by using these measurement results.
2.2.3 Laboratory Measurements
A tracer gas technique was used to find concentrations of stratification. The tracer gas 
was released close to the surfaces of the heat loads. Concentrations of the tracer gas 
carried by convection flow were measured at ten different heights. Exhaust and supply 
airflow volumes were also measured. The dosage of tracer gas release was continued 
until steady state was obtained. This normally took at least 30 minutes. Gradient curves 
were drawn by using measured tracer gas concentrations at different heights as shown in 
Figure 2.4.
Tracer gas concentration gradient 
Ce = 221
5
4
3
I
2
1
0
0 100 200 300
C/ppm
Figure 2.4 Determination of the shift zone position from measured trace gas 
concentrations at different heights.
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The shift zone for this method is defined as the height where the concentration of 
tracer gas is one third of the concentration in the exhaust air. The shift zone will be at a 
height where the volume of the convection flow is equal to the supply airflow rate. The 
requirement to keep the shift zone above the occupied zone can be used as a basis for 
calculating good air quality in the occupied zone.
The volume airflow is a function of the main flow direction and the convective heat 
power of the heat sources. This function can be described as follows (Tapola and Koivula 
1989):
(2.7)
where:
Q = volume flow of convection (L/s);
= convective heat power of heat load (W); and
X = distance from the heat load (m).
Equation (2,7) can be rearranged to obtain X, or:
% = (2.8)
where k is the coefficient of correlation obtained from measurement that describes the 
effect of the heat load characteristics.
2.3. Comparing and listing the differences in these methods:
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Table 2.4 Tabular comparasion of various methods
Different Methods 
Listed by Their 
Paper Title.
Load Calculation Air Volume measurement 
Formulae
Under Floor Air Distribution 
(UFAD) Design Guide
Qtolal
Qoccupied Qunoccupied
n n  1 1
Underfloor Air Distribution 
Solutions for Open Office 
Applications
Calculated using the tables 
derived from ASHRAE data. 
(Tables 2 & 3)
Supply Airflow {cfm) = 
Effective Sensible Heat 
Gain {Btuh) / (1.1* At)
Which cooling air supply 
system is better for a high 
heat density room: 
Underfloor or Overhead?
Not discussed v=
Calculation Method for 
airflow Rate in 
Displacement Ventilation 
Systems
Not discussed
2.4 Conclusions related to the literature search
The literature review of existing research related to heat load and airflow rate 
calculations in UFAD systems indicates that there currently is no accurate method to 
calculate and assign required cooling loads in the mixed zone (i.e. occupied zone in 
UFAD systems). This can result in inaccurately calculating the required air flow rates and 
related improper system equipment selection for UFAD systems. Therefore, a new 
method for the accurate calculation of the cooling load in the mixed zone of a UFAD 
system must be developed. This new method must then be validated by a series of UFAD 
experiments to be conducted in the UNLV lESR. These experiments will be design using
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the sophisticated Taguchi test method, which is widely used in quality control and 
product testing.
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CHAPTER 3
DESIGN AND CONSTRUCTION OF THE INDOOR ENVIRONMENTAL SYSTEM
ROOM (lESR)
3.1 Surface temperature control systems
The lESR was designed and developed as an experimental lab that contains both 
CAD and UFAD systems. To insure the ability to accurately maintain isothermal 
conditions and simulate different indoor environmental conditions for testing in the lESR, 
the ability to accurately control the temperatures of all of all the wall, floor and ceiling 
surfaces in the lESR was a main design criterion. The four walls, floor and ceiling of the 
lESR are divided into thirteen temperature control zones. Thirteen Daikin fan-coil units 
are used to supply conditioned air to the wall, floor and ceiling cavities of these thirteen 
zones. A Daikin condenser unit supplies refrigerant to the fan-coil units. Figure 3.1 shows 
a Solid Works rendering of various zone divisions and their related duct work for the 
ceiling and east wall. Figure 3.2 is a picture of the duct work for the zone divisions in the 
east wall. Figure 3.3 shows a Solid Works rendering of the zone divisions and related 
ductwork for the floor. There are three temperature control zones on the east wall, two 
zones on the west wall, two zones on the north wall, one zone on the south wall, three 
zones in the ceiling, and two zones in the floor. Four fan-coil units are located in AHU 
housing on the west wall. Six fan-coil unites are located in an AHU housing on the east 
wall. Three fan-coil units are located in the ceiling.
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Air return to a 
zone in ceiling
Air supply to a 
zone in ceiling
Air return from a 
zone in east wall
Air supply to a zone in east wall 
Figure 3.1 Different zones and their duct work
Figure 3.2 Ductwork and AHU plenum on the east side of the lESR
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FLOOR VIEW:
Butterfly damper to 
control the flow
Air supply duct for north wall 
Return air duct for one floor zone
Bottom access floor
South wall air 
supply duct
Floor return air 
diet in one zone
Air supply duct for one 
floor zone
‘Pedestal
'AHU housing on east side 
‘Air supply duct for the other floor zone
Figure 3.3 Zone distribution and duct work in floor plenum and south wall
Two access floors are located above the ground (see Figure 3.7). Airflow in the 
plenum space below the bottom access floor is used to control the surface temperature of 
the upper access floor, and thus, simulate the ground/slah/floor temperature. The plenum 
space between the lower and upper access floors is the UFAD plenum used to supply 
conditioned air to the lESR. The space below the lower access floor is divided into two 
temperature control zones.
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All of the temperature control zones are connected through the related duct work to 
Daikin Variable Refrigerant Volume (VRV) air handler units (AHU). Each unit is 
assigned to a zone and is controlled using a Daikin control system. Figure 3.4 shows the 
individual controllers for each temperature control zone in the lESR control room. These 
controllers control the desired surface temperatures of each temperature control zone, the 
desired AHU operation mode (cooling/heating), and AHU fan speed.
Figure 3.4 Daikin controllers for the respective thirteen zones 
3.2 Fry AC svstem
The HVAC system for the lESR is a closed circuit ducted air delivery system. It 
consists of two heat pumps, a centrifugal fan, two DX cooling/heating coils, a supply air
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duct that splits into a CAD or a UFAD configuration, a return air duct, and supply air 
diffusers in the ceiling and the UFAD floor. Conditioned air is sent through the main 
supply air duct and enters the lESR through ceiling or floor diffusers, depending on 
whether the supply air system is configured as a CAD or UFAD system. Air is returned 
through the ceiling return air grills in the ceiling and then through the return air duct. One 
of the heat pumps is connected to a DX coil in the return air duct where it empties into 
the supply air fan plenum; the other heat pump is connected to a DX coil in the supply air 
duct at the fan discharge section.
UFAD duct
Tee joint
onmg 
i t -
Air plenum
AHU housing 
on west side
Figure 3.5 View showing ductwork for CAD and UFAD air distribution systems
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Air supply duct 
to CAD system
Return air duct
Centrifugal Fan room
Air supply duet 
to UFAD system T-junction
Outlet connected 
to ceiling diffuser 
with flexible duct
Figure 3.6 Clear view showing ductwork of both systems in the ceiling
Figure 3.6 shows an overview of the ductwork for the CAD and UFAD systems 
mounted in the lESR ceiling. Air is circulated through the main supply duct by the 
centrifugal fan. The CAD duct has four outlets connected to four ceiling diffusers in the 
acoustical tile ceiling. The CAD supply duct and the diffusers are connected with 
flexible ducts. There are dampers to adjust for equal airflow through the flexible ducts. 
The ceiling diffusers used in the lESR are Krueger model SHR. They are four of them 
and their positioning in the tile ceiling can he seen in Figure 3.7. Panel size is 24 in.
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square and configuration is of 4-way air pattern. The CAD lESR air delivery system can 
be selected using the VAV and UFAD switches in the lESR control room. These 
switches operate electronic smoke dampers in the T-junction of the supply air duct.
UFAD duct
Celling diffusers
Floor diffusers
Rohot
Sub floor
UFAD floor
Figure 3.7 Cross sectional view of the lESR design diagram showing prime details
Figure 3.7 shows how the processed supply air travels from centrifugal fan to the 
UFAD floor plenum. Nailor NFD floor diffusers, which are designed for use in raised 
access floor air distribution systems where the floor cavity is used as a pressurized supply
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air plenum, are used in the UFAD floor. There are eight of them with an 8-in. nominal 
diameter. Their locations can be seen in Figures 3.7 and 3.8.
Ceiling diffuser
Flow hood
Reference
point
Baseboard
heater
Duct tape
Wiring for 
surface the­
rmocouples
Floor diffuser
Figure 3.8 Inside of the lESR showing both types of diffusers
3.3 Instrumentation
3.3.1 Sensor Locations
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Technical information associated with the instruments used in the lESR is loeated in 
Appendix A. The temperature controlled room surfaces play vital role in making the 
lESR versatile. The temperature of each surface is controlled by the Daikin VRV system 
and is monitored by a series of thermocouples. Thermocouples are placed at five heights 
along vertical axes on the walls, on the floor and on the celing. The detailed locations of 
these thermocouples are shown in Figures 3.9 to 3.15. The locations of sensors in the 
ducts and nozzle chamber are illustrated in Figures 3.16 and 3.17, respectively. 
Temperature, humidity and pressure are measured in the UFAD supply air plenum. The 
location of these instruments or sensors are shown in Figure 3.18. Figure 19 shows the 
location of other sensors in the lESR. The motion control of the traversing system in the 
lESR is designed based on the location of the test planes and coresponding sensors.The 
location of these instruments or sensors are shown in Figures 9-19.
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Figure 3.9 Thermocouples location on the west wall
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Figure 3.16 Locations of instruments in the supply and return ducts.
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Figure 3.17 Location of the instruments in the ducts and nozzle chamber.
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Figure 3.19 Sensor systems in the lESR
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Figure 3.20 Test planes in the lESR
3.3.2 Test planes and measurement points
The four-axis, computer-controlled traversing mechanism is a very versatile 
mechanism in the lESR. Multiple temperature and velocity sensors are attached to a 
vertical rod that is moved hy the traversing mechanism. This makes it possible to 
measure temperature and velocity at any point within the lESR test space. Figure 3.20 
shows the points at which data are collected and the planes through which the plans 
through which the traversing mechanism travels. This covers the whole space within the 
lESR, and measurements can be obtained at any specified point within the lESR. 
According to a specified test plan, the traversing mechanism can move in the horizontal 
test planes shown in Figure 3.20, and airflow velocity and temperature measurements can 
be made at thirteen vertical locations at each test point in the horizontal test plane. The
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traversing mechanism moves to each test location and waits for a specified time (usually 
five minutes) for equilibrium conditions to he achieved. Then, airflow velocities and 
temperatures at the thirteen vertical locations are recorded in the test system computer.
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Figure 3.21 Measurement points in the lESR
Figure 3.21 shows a schematic of the whole measurement system in the lESR. All of 
the sensors located in the sub-floor, test space, ceiling, nozzle chamber, fan room and 
control room can be seen. T represents temperature and V airflow velocity at the thirteen 
vertical positions relative to the location of the traversing mechanism. TC represents air 
temperature, H humidity, S sound, F for airflow volume, P static pressure, and PE power 
& energy. All the wiring for these sensors is connected to data acquisition hoards in the
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control room. Using Lab VIEW, the readings can he monitored so the system operator can 
respond accordingly to any test situation that may arise. Lab VIEW controls can he used 
to change between the UFAD and CAD systems, to adjust the desired CAD or UFAD 
airflow volume, and to set and control the surface temperatures of the thirteen surface 
temperature control zones in the IE SR.
3.3.3 Lahoratorv Test Measurement and Monitoring Svstem
Data Acquisition and Recording: The data acquisition system obtains, displays, and 
records the data from all the instruments and sensors in the lESR at a user-defined time 
interval. The system has been set to update measurements every four seconds. Figure 
3.22 shows the main interface for monitoring all the test data and the system running 
status. For ease of interpretation, the display is in a measurement system schematic form, 
where instrument readings are shown in their locations on the system schematic.
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Figure 3.22 Main interface for monitoring all the test data and the system running status
Figure 3.23 shows the interface for monitoring all the test room surface temperatures. 
Page 2 of 3 of the LabVIEW windows shown in Figure 3.23 is the display of temperature 
readings of different temperature control zone surfaces. The number and location of 
surface thermocouples in a zone can be noted. Average of all the readings in zone is 
considered as the temperature of the particular zone.
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Figure 3.24 Interface for monitoring UFAD floor temperatures and an instrument
definition list
Figure 3.24 shows the interface for monitoring the UFAD floor temperatures and an 
instrument definition list to help the user identify the instruments on the displays.
Nozzle Chamber Calculation and Power Meter. The nozzle chamber airflow 
measurement involves a complicated calculation, and the power consumption calculation 
for the baseboard heaters (room load simulators) uses special signal processing. 
Therefore, a separate LabVIEW virtual instrument with associated program was 
developed for each group. Figure 3.25 shows the interface for the nozzle chamber airflow 
calculation, and Figure 3.26 shows the baseboard heaters power consumption data.
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lESR simulated heat loads can be monitored and adjusted with the dimmer knobs 
uniformly for each set of heaters. This is very helpful when the test needs to be run at 
different load conditions.
Motion Control fo r the Traversing Mechanism: The motion control program controls the 
movement of the traversing mechanism in the lESR test space, using a specified 
movement pattern for a test sequence. The program has three main interfaces (windows), 
(1) one for the traversing mechanism position initialization and positioning, (2) one for 
defining the test point positions and the test scan sequence, and (3) one for running and 
monitoring the test motion in progress. Since data acquisition is handled by a separate, 
independent interface and program, the tester can run the test manually or automatically 
by using this interface. Figure 3.27 shows the test point and test pattern configuration 
interface. Figure 3.28 shows the real time test motion control and monitoring interface.
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Figure 3.27 Test point and test pattern configuration interface
In the window shown in Figure 3.28, current position in terms of axis lengths is 
specified. The steps, test pattern it needs to follow, and the time it needs to stop at each 
test point are also stated. Figure 3.28 shows the actual test window where the traversing
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mechanism movement and location are monitored. Controls like start, stop and resume 
the test can be seen in the test window.
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Figure 3.28 Real-time test motion control and monitoring interface
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3.4 Access floors
The lESR has two access floors. The plenum space below the bottom access floor is 
used to control the temperature of the access floor surface. With this, the effects of the 
slab temperature of a real UFAD system can be investigated. There are ducts in the 
bottom access floor (see Figure 3.3) that are used to deliver conditioned air to the air 
plenum formed by the bottom access floor. The upper access floor is the UFAD access 
floor, which forms the UFAD supply air plenum. There is no duct in this air plenum.
The construction process for the UFAD system is significantly different than that for 
a CAD system. The UNLV team, the ductwork contractor, the insulation contractor, and 
Tate Access Floor Company discussed the installation procedure of the two access floors 
in the lESR and formed the following installation procedure. This procedure covers the 
installation of the insulation for the concrete slab, two access floors, ductwork in the 
bottom access floor, and sealing the access floors to minimize air leakage.
• Mark the pedestal location on the concrete slab
• Install a couple of floor panels and associated pedestals for both access floors in the 
center of the north wall as a reference for the main supply air duct installation. It is 
movable and won’t affect the ductwork installation.
• Make penetration through the lESR side walls as needed for the surface temperature 
control zone supply and return air ducts. Make sure there are no conflicts with the 
pedestal locations of both access floors.
• Install ductwork on the concrete slab and in all the walls. The bottom of the duct 
should have one-inch clearance for future insulation (1-inch foam). Make sure there 
are no conflicts with the pedestals of both access floors.
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• Clean the site.
• Seal all the surfaces around the two access floors.
• Install insulation materials and make holes in the marked pedestal location
Figure 3.29 Installation of lower access floor
• Install pedestals for the bottom access floor (Figure 3.29).
• Install floor panels for the bottom access floor.
• Seal the surface of the bottom access floor and install thermocouples.
• Install pedestals for the upper UFAD access floor.
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• Install all the sensors in the UFAD supply air plenum.
• Install floor panels for the UFAD access floors.
• Seal the surface of the UFAD access floor.
• Install the carpet tile 
3.5 Versatility of the lESR:
The unique advantages of the UNLV lESR are: flexibility and versatility associated with 
the mechanical traversing system, movable ceiling, and controlled surfaces temperatures, 
especially the ceiling and floor temperature control. With these characteristics, all kinds 
of environmental conditions for interior and perimeter spaces can be simulated. The 
following are the main advantages of the lESR compared to other UFAD or DV 
laboratories. The UNLV facility:
• Has two air distribution systems (CAD and UFAD) with automatic measurement 
system.
• Has thirteen temperature zones that cover all the walls, ceiling and floor. These 
thirteen zones can be in heating and cooling mode simultaneously. Their temperature 
can be controlled individually. This unique feature permits simulation of most indoor 
environmental conditions. This includes the influence of the lower story ceiling 
temperature on the supply air in the UFAD plenum of the current story, the influence 
of the floor of the upper story to the return air of the current story, and influence of 
wall temperature differential to the room air flow.
• Has a mechanical traversing system that makes the measurement of airflow easy, 
especially for ADPI and thermal comfort tests.
• Has a large size, 30 ft x 22 ft x 13 ft; only two other laboratories have a larger area.
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• Has a movable ceiling, so the ceiling height is adjustable from 7 ft to 13 ft. 
Therefore, more space conditions can be simulated
• Uses a lighting bank and window to simulate the solar load to the room.
Figure 3.30 shows a picture of the inside of the completed lESR.
Figure 3.30 General appearance of lESR with base board haters, diffusers, and sensors
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CHAPTER 4
QUALIFICATION TESTS
4.1 Air Leakage Test Report for the UFAD Floor Plenum in the lESR
4.1.1 Test Procedures
The air leakage test system is shown in Figure 4.1. The test matrix is shown in Table 4.1.
The test procedures are:
1. A fan driven by a variable speed inverter in the lESR shall be used to supply a 0-2000 
CFM airflow rate, with 2.4 times that of the design airflow rate of the lESR. The fan 
has already been installed with an airflow test station, i.e., nozzle chamber. The 
supply duct shall be connected into the floor plenum with an adhesive-sealed, 
pressure-tight connection.
2. Four static pressure taps shall be evenly placed into the plenum, with a pressure 
transducer connected to all the taps to obtain the average static pressure in the 
plenum. This pressure transducer should be calibrated against a calibrated static 
pressure sensor immediately adjoining it. The static pressure signal shall be 
transmitted to the central computer so that the speed of the fan can be easily 
controlled by inspection
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Figure 4.1 Schematic of UFAD floor plenum air leakage test systems in the lESR
3. The UFAD plenum shall be installed complete with a representative number (8) of 
supply diffusers, electrical power outlets, and voice/data outlets. The supply 
diffusers, whether automatically or manually controlled, shall be in the fully closed 
design position. No carpet shall be installed for the first leakage test.
4. The fan shall be operated to hold the test pressure in the plenum. The test pressure 
shall be the design operating static pressure for the system, i.e., 0.1 in. w.g.
5. The system shall be operated for 24 hours, with the measured static pressure (in. w.g.) 
and airflow rate (CFM) recorded 24 times (nominally each hour). The sum of the 24 
flow rates (CFM) shall be divided by 24. This average value will he considered the
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sum of the Category 1 and Category 2 leakage (see GSA Guidelines, Section 12.3) 
and called the Z  leakage without carpet.
Tahle 4.1 Air leakage test matrix for the UFAD floor plenum
Test
No.
Static 
Pressure, 
in. w.c.
Unsealed or 
Sealed floor 
panels, edge 
joints and 
diffusers
Without Carpet 
or With Carpet
Test
Time,
hrs
Test
Day
No.
Outcome
1 0.1 Unsealed Without Carpet 12 1 Sum Leakage
2 0.05 Unsealed Without Carpet 12 1 Sum Leakage
3 0.1 Sealed Without Carpet 12 2 Category 1 and 2 Leakage
4 0.05 Sealed Without Carpet 12 2 Category 1 and 2 Leakage
5 0.1 Sealed With Carpet 12 3 Category 1 and 2 Leakage
6 0.05 Sealed With Carpet 12 3 Category 1 and 2 Leakage
7 0.1 Unsealed diffusers only With Carpet 12 4 Sum Leakage
8 0.05 Unsealed diffusers only With Carpet 12 4 Sum Leakage
6. With the fan off, the floor panel and edge joints, supply air diffusers, and the cahle 
floor connectors, shall he tightly sealed with mastic and sealant taping. No carpet 
shall be installed. The test shall be repeated for 24 hours with hourly readings, and the 
method of averaging repeated. This value will represent the Category 1 leakage 
without carpet.
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7. Subtracting the Category 1 leakage rate without carpet from the Z  leakage rate 
without carpet will represent the Category 2 leakage rate without carpet.
8. The leakage rates shall he compared to the allowable rates from the Tahle 4.2 (GSA 
Guidelines, Table 15.1). If the rates are found to exceed the table values in either 
category, steps shall he taken to re-inspeet, utilizing test smoke if necessary, to 
determine sources or causes of the leakage, followed hy repair, or correct and retest - 
repeating this process until the rates are within the Tahle 4.2 limits, as necessary.
9. Install the carpet using staggered pattern and repeat the test for 24 hours, with hourly 
readings, and repeat the method of averaging. This value will represent the Category 
1 leakage with carpet.
10. Unseal all the supply air diffusers and repeat the test for 24 hours, with hourly 
readings, and repeat the method of averaging. This value will represent the Z 
leakage with carpet.
11. Subtracting the Category 1 leakage rate with carpet from the Z leakage rate with 
carpet will represent the Category 2 leakage rate with carpet.
12. The leakage rates shall he compared to the allowable rates from the Tahle 4.2. If the 
rates are found to exceed the table values in either category, steps shall be taken to re- 
inspect, utilizing test smoke if necessary, to determine sources or causes of the 
leakage, followed by repair, or correct and retest - repeating this process until the 
rates are within the Table 4.2 limits, as necessary.
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Table 4.2 Maximum allowable UFAD plenum air leakage rates in floor plenums, when 
measured at design operating static pressure
Test
Z Air Leakage 
(Category 1 + Category 2)
Category 1
Floor
Plenums
0.1 cfm/fl^ floor area 
or
10% of supply air flow 
rate for minimum thermal 
load, whichever value is 
smaller
0.03 cfm/ft^ floor area 
or
3% of supply air flow 
rate for minimum 
thermal load, whichever 
value is smaller
4.1.2 Test Results
The first air leakage test was conducted on June 23-24, 2005. The results were 
reported in June. Later it was discovered that the scale data for the pressure transmitter 
provided by the manufacturer did not match the transmitter setting. Therefore, all the 
instruments were recalibrated, including the pressure transmitter and the temperature and 
humidity transducers.
The second set of air leakage tests were conducted July 9-12, 2005, for test Nos. 1-4. 
All the running data were recorded every 2 seconds; then the hourly average data were 
derived. Test Nos. 1-4 were conducted in such a condition that all the floor and wall 
surface temperature control AHU, i.e. Daikin units, were off and the CAD VAV control 
smoke damper was fully closed. Each test ran 10-15 hours to confirm a stable running 
condition. Two additional tests were also conducted in such a condition that all the floor 
and wall surface temperature control AHU, i.e. Daikin units, were on and other 
conditions were the same as test Nos. 1-4. The hourly test results for unsealed floor
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without carpet at 0.1 in. w.g. are shown in . The sum leakage without carpet is 1321 CFM 
at 0.097 in. w.g. static pressure, i.e., 2.20 CFM/ft^ floor area. This was extensive leakage. 
It was further supported by measuring the airflow rate from a single floor panel seam. In 
the lESR the width of all the 285 two-foot-long floor panel seams varied between 0 to 
1/14 in. (1.8 mm). Few of them had zero width. About 50 of them had a width of 1/14 in. 
The maximum outlet air speed from these seams was measured at 1050 FPM. Therefore, 
the maximum air leakage rate from these seams was 12.5 CFM/seam, or 6.25 CFM/fr 
seam. This explains why there was extensive leakage from the bare floor.
Tahle 4.3 The hourly leakage test results for unsealed floor w/o carpet at 0.1 in. w.e.
No. Date Time
Floor Plenum 
Static Pressure,
in. w.c.
Sum leakage 
without carpet,
CFM
1 7/9/2005 18:00 0.097 1322
2 7/9/2005 19:00 0.098 1319
3 7/9/2005 20:00 0.097 1319
4 7/9/2005 21:00 0.096 1314
5 7/9/2005 22:00 0.096 1318
6 7/9/2005 23:00 0.096 1317
7 7/10/2005 0:00 0.097 1320
8 7/10/2005 1:00 0.097 1327
9 7/10/2005 2:00 0.097 1325
10 7/10/2005 3:00 0.097 1324
11 7/10/2005 4:00 0.097 1325
12 7/10/2005 5:00 0.097 1325
13 7/10/2005 6:00 0.097 1325
14 7/10/2005 7:00 0.096 1318
15 7/10/2005 8:00 0.097 1321
Average 0.097 1321
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The hourly test results for unsealed floor without carpet at 0.05 in. w.g. are shown in 
Table 4.4. The sum leakage without carpet is 890 CFM at 0.048 in. w.g. static pressure,
i.e., 1.48 CFM/ft^ floor area.
The hourly test results for Test Nos. 3 and 4, sealed floor without carpet at 0.1 in. 
w.g. and 0.05 in. w.g., are shown in Table 4.5 and Table 4.6, respectively. Based on GSA 
Guidelines, these can be considered as Category 1 air leakage. They are 96.0 CFM, or
0.16 CFM/ floor area at 0.100 in .w.c. and 59.6 CFM, or 0.10 CFM/ ft  ^ floor area at
0.05 in .w.g. respectively.
Table 4.4 The hourly leakage test results for unsealed floor w/o carpet at 0.05 in. w.c.
No.
1
Date
7/10/2005
Time
8:00
Floor Plenum 
Static Pressure, 
in. w.c
0.05
Sum leakage 
without 
carpet, CFM
911
2 7/10/2005 9:00 0.05 902
3 7/10/2005 10:00 0.049 901
4 7/10/2005 11:00 0.049 904
5 7/10/2005 12:00 0.047 871
6 7/10/2005 13:00 0.046 871
7 7/10/2005 14:00 0.047 871
8 7/10/2005 15:00 0.048 887
9 7/10/2005 16:00 0.048 896
10 7/10/2005 17:00 0.048 892
Average 0.048 890
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Table 4.5 The hourly leakage test results for sealed floor w/o carpet at 0.1 in. w.c.
No. Date Time
Floor Plenum 
Static Pressure, in. 
w.c.
Category 1 
leakage 
without 
carpet, CFM
1 7/10/2005 19:00 0.1 97.8
2 7/10/2005 20:00 0.097 95.9
3 7/10/2005 21:00 0.098 95.5
4 7/10/2005 22:00 0.099 9^6
5 7/10/2005 23:00 0.1 95.6
6 7/11/2005 0:00 0.1 9^8
7 7/11/2005 1:00 0.101 95.9
8 7/11/2005 2:00 0.101 95.9
9 7/11/2005 3:00 0.102 96.1
10 7/11/2005 4:00 0.102 9&2
11 7/11/2005 5:00 0.102 96.2
12 7/11/2005 6:00 0.102 96.1
13 7/11/2005 7:00 0.1 95.4
Average 0.1 96
Table 4.6 The hourly leakage test results for sealed floor w/o carpet at 0.05 in. w.c.
No.
1
Date
7/11/2005
Time
7:00
Floor Plenum 
Static Pressure, 
in.w.c.
0.049
Category 1 leakage 
without carpet,CFM
56.8
2 7/11/2005 8:00 0.049 57.2
3 7/11/2005 9:00 0.048 56.6
4 7/11/2005 10:00 0.048 58.1
5 7/11/2005 11:00 0.05 60
6 7/11/2005 12:00 0.052 594
7 7/11/2005 13:00 0.051 59.9
8 7/11/2005 14:00 0.047 59.7
9 7/11/2005 15:00 0.051 61.8
10 7/11/2005 16:00 0.052 62.7
11 7/11/2005 17:00 0.051 62.6
Average 0.05 59.6
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The hourly test results for two additional tests, sealed floor without carpet at 0.1 in. 
w.g. and 0.05 in. w.g., with Daikin units running, are shown in Tahle 4.7 and Table 4.8, 
respectively. They are 82.7 CFM, or 0.14 CFM/ floor area at 0.100 in .w.g., and 56.2 
CFM, or 0.094 CFM/ ft  ^floor area at 0.05 in .w.g..
All the air leakage test results are summarized in Table 4.9. In Table 4.10, these air 
leakage data, except for the additional tests, are compared to the leakage data from Tate 
Access Floor Inc. and GSA Guidelines. From, Table 10 indicates that the Category 1 
leakage, i.e, leaks from the underfloor plenum into other building cavities, in Tate Access 
Floor Inc.’s tests are higher than that in the lESR. This means their test lab was not 
sealed as well as the lESR. However the Category 2 leakage, i.e. leaks through the raised 
floor to the space, in Tate Access Floor Inc.’s tests, is lower than that of the lESR. The 
possible reason is that they had a better installation of their floor panels. The lESR floor 
panels are taken out often to install instruments. Thus, the seam between floor panels 
sometimes increases. Comparing to the GSA Guidelines, neither the manufacturer’s nor 
our data meet the GSA leakage criteria.
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Table 4.7 The hourly leakage test results for sealed floor w/o carpet at 0.1 in. w .c. with all
the Daikin units on
No.
1
Date
7/11/2005
Time
17:00
Floor Plenum 
Static Pressure, 
in.w.c. 
0.099
Category 1 leakage 
without carpet, 
CFM 
81.5
2 7/11/2005 18:00 0.098 81.8
3 7/11/2005 19:00 0.102 82.1
4 7/11/2005 20:00 0.1 825
5 7/11/2005 21:00 0.098 82.7
6 7/11/2005 22:00 0.1 83.1
7 7/11/2005 23:00 0.102 83
8 7/12/2005 0:00 0.098 83J
9 7/12/2005 1:00 0.1 83.4
10 7/12/2005 2:00 0.1 83.4
Average 0.1 82.7
Table 4.8 The hourly leakage test results for sealed floor w /o carpet at 0.05 in. w .c. with
all the Daikin units on
No.
1
Date
7/12/2005
Time
2:00
Floor Plenum 
Static Pressure, 
in.w.c.
0.05
Category 1 leakage 
without carpet, 
CFM 
57.4
2 7/12/2005 3:00 0.053 57.6
3 7/12/2005 4:00 0.054 57.8
4 7/12/2005 5:00 0.048 57
5 7/12/2005 6:00 0.05 55.6
6 7/12/2005 7:00 0.046 526
7 7/12/2005 8:00 0.049 54.7
Average 0.05 56.2
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Table 4.9 The leakage test results
Test No. Static 
Pressure, 
in. w.c.
Unsealed or 
Sealed floor 
panels, edge 
joints and 
diffusers
Without 
Carpet or 
With Carpet
Sum
leakage,
CFM
Category
1
Leakage,
CFM
Calculated
Category
2
Leakage,
CFM
1 0.1 Unsealed Without
Carpet
1321 - -
2 0.05 Unsealed Without
Carpet
890 - -
3 0.1 Sealed Without
Carpet
- 96.0 1225
4 0.05 Sealed Without
Carpet
- 59.6 830
Additional
1
0.1 Sealed Without 
Carpet, 
Daikin Units 
Running
82.7
Additional
2
0.05 Sealed Without 
Carpet, 
Daikin Units 
running
56.2
Table 4.10 Comparisons of leakage test results and GSA criteria
Static 
Pressure, 
in. w.g.
Source or 
Test Lab
Sum leakage for 
unsealed floor 
without carpet
Category 1 leakage 
for floor plenum
Category 2 leakage for 
unsealed floor without carpet
CFM/ft^ 
of floor 
area
% of
design
airflow
rate®
CFM/ft^ 
of floor 
area
% of
design
airflow
rate®
CFM/ft
of
exposed
seams
CFM/ft^ 
of floor 
area
% of
design
airflow
rate®
0.1
lESR 2.2 159 0.16 11.6 2.15 2.04 148
Tate Access 
Floor Inc.^ Oj# - 0.36 - 0.61 0.52 -
GSA
Guideline 0.1 10 0.03 3 - 0.07 7
0.05
lESR 1.48 107 0.1 7 1.46 1.39 100
Tate Access 
Floor Inc.® 0.64 - 0.26 - 0.44 0.38 -
GSA
Guideline’’ - - - - - - -
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Notes:
1.1.From Tate Access Floor Inc. Technical Bulletin #216, “Controlling Air Leakage from 
Raised Access Floor Cavities.” The leakage tests were conducted by Permiman & 
Browne, Inc. in 2003. These are leakage tests only, so there is no design airflow rate 
data.
1.2.The air leakage rates provided by GSA Guidelines are based on design operating 
static pressure. In the lESR, the design operating static pressure is 0.1 in. w.c..
1.3.The design airflow rate is 830 CFM in the lESR.
4.1.3 Discussion
Test Nos. 1-4 and the two additional tests indicate that the air leakage will decrease
34.2% when the static pressure decreases from 0.1 in. w.g. to 0.05 in. w.g., as shown in 
Table 4.11.
Table 4.11 Percentage change of air leakage with pressure
Static 
Pressure, in. 
w.c.
Test No. 1 
and 2 Air 
Leakage Rate
Test No. 3 
and 4 Air 
Leakage 
Rate
Additional 
Test No. 1 and 
2 Air Leakage 
Rate
Average
CFM CFM CFM
0.1 1321 96 82.7
0.05 890 59.6 56.2
Percentage 
Change, % 326 37.9 32 34.2
Although all of the floor panel seams, cable connections, outlet devices, diffusers, and 
edge joints with the walls were sealed before Test Nos. 3 and 4 were conducted, leaks 
from cable connection and outlet devices were still found. There is a cable tray across the
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laboratory to accommodate power and signal wires for the traversing mechanism. There 
were also several holes (three when the test was condueted) penetrating the floor panel to 
accomodate instrument wires cormected to the data acquisition system. It is impossible to 
fully seal all of edges between the cable tray and the floor panels and the holes with 
wires. Having said this, the air leakage rates in Test Nos. 3 and 4 are not the Category 1 
leakage because they include not only the leakage to other building cavities but also the 
leakage to the space through the raised floor. It is a mixture of a Category 1 and Category 
2 leakage as shown in Figure 4.2.
Test Space to he conditioned
A; Category 2 Leakage 
Pi: Environmental Pressure 
APi= Po- Pi
Outside
Underfloor Air Plenum
B: Category 1 Leakage 
P;: Pressure in Floor and 
Wall Cavities 
APz= Po- P2
Figure 4.2 Schematic of air leakage path in the lESR
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Table 4.12 Air leakage test pressure data
Static 
Pressure, 
in. w.c.
Po Pi P2 AP, APi
ZAir
leakage
Category 1 
Leakage,B
Category 2 
Leakage,A
in.
w.g.
in.
w.g.
in.
w.g.
in.
w.g.
in.
w.g. CFM
CFM/CFM/f
t^ CFM
Test No. 3 0.1 0 0 0.1 0.1 96 47.3/0.08 48.7
Additional 
Test No. 1 0.1 0 0.03 0.1 0.07 82.7 39.6/0.07 43.1
Test No. 4 0.05 0 0 0.05 0.05 59.6 33.4/0.06 2&2
Additional 
Test No. 2 0.05 0 0.03 0.05 0.02 56.2 21.1/0.04 35.1
The sum leakage = A + B  where A = k^VÂP, and B = . k  ^and kg are leakage
constants. For test Nos. 3 and 4, = 0,  but for additional test Nos. 1 and 2, Pj = 0 ,
but = 0.03 in. w.g. because othe Daikin system was running. Pi = 0.03 in. w.g. was 
obtained tfrom field measurements. All these data are listed in . Based on these data, the 
following equations are obtained:
96 = k^VÔT+kgVÔT 
82.7=k^VÔÂ + kgVÔ47 
59.6 = k^VâÔ5 + kgVÔÔ5
56.2 = k^VÔ!Ô5 + kgVÔÔ2 
This group of equations can be simplified as follows:
9 6 -8 2 .7  = 13.3 = kg (VÔÂ-VÔÔV) = kg *0.05165 kg = 257.5
(4.1)
5 9 .6 -  56.2 = 3.4 = kg (VÔÔ5 -  VÔÔ2) = kg * 0.08219 ^  kg = 41.4
(4 2)
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Since the value of does not match in two different pressure conditions, the average 
value kg - 149.5 may be used; then the Category 1 and 2 leakage can be calculated for 
each test, as listed in . Category 1 leakage is about 0.07 CFM/ft^ floor area in the lESR in 
normal miming condition, i.e., the Daikin units on. It is larger than that required by the 
GSA Guidelines, i.e. 0.03 CFM/ft^ floor area. This is possibly because there are two 
sizeable access holes through the wall to the control room to accommodate all the 
instrument wires and ribbons. They are hard to seal because of these wires and ribbons. 
An attempt will be made to seal these holes in the final stage of the lESR construction. In 
an actual building, the manufacturer recommends the Category 1 leakage be no more than 
25% of the design airflow rate, which is about 207.5 CFM in total or 0.345 CFM/ft^ floor 
area in the lESR case. Comparing to this leakage of 0.345 CFM/ft^ floor area, 0.07 
CFM/ft^ floor area in the lESR is judged reasonable and acceptable.
4.1.4 Conclusion
Six air leakage tests were successfully conducted in the lESR. The bare floor Category 2 
leakage rate was 2.04 CFM/ f f  floor area, and the Category 1 leakage was 0.07 CFM/ft^ 
floor area under normal running conditions. In general, the Category 1 leakage is 
acceptable.
4.2 Test Procedure for airflow velocities around baseboard hearters
4.2.1 Objective
This test wa a part of the qualification tests of lESR. It was to verify that the air 
velocity measured around baseboard heaters did not exceed 30 fpm (0.15 m/s) in every 
direction according to ASHRAE Standard 113-1990.
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4.2.2 Introduction
To create or simulate heat loads, sixteen baseboard heaters were set in the lESR. 
According to the ASHRAE Standard 113-1990, these load simulators cannot have 
convective currents in excess of 30 %m (0.15 m/s) measured 1 foot in every direction 
from the heater. Instruments used for this test were a Velocicalc Plus Meter (Model 8386 
from TSI), also known as an anemometer, and a measuring tape. After analyzing the data 
with simple calculations, results were compared with ASHRAE Standard 113-1990.
Model 8386
Figure 4.3 Instrument used to measure air velocity
4.2.3 Test Procedures
1. Prepare for the test:
1.1 Keep the heater at least 3 feet away from the wall
1.2 Fan should be turned off
1.3 Adjust the power supplied to the heater to be around 1758 W
1.4 Laboratory door must be closed
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1.5 Allow 20 minutes to obtain steady state conditions
2. Figures 4.4 and 4.5 show the test setup and the position of the fourteen test points. All 
points were at 1 ft distance from the heater. Points 1 and 6 were at 45® to the normal, 
while points 2 , 3 , 4  and 5 were equally spaced along its length right above the heater 
as shown in the Figure 4.4. Figures 4.5 shows another eight test point locations and 
direction. These eight points were at 45® to the normal either side of the heater at 1 ft 
distance along its length.
Figure 4.4 Location of test points -  Plane 1
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Figure 4.5 Location of test points -Plane 2 and 3
3 Test ail the points for the first heater:
3.1 Position the sensor in different directions by rotating itself to monitor the 
main direction of airflow where maximum readings were obtained.
3.2 Observe for an established value around which the reading fluctuates.
3.3 Note the recognized value and move to next test point.
3.4 All the test points are completed in the same manner and the procedure is 
repeated for three times to get four standard values.
3.5 After recording the data for all test points four times, average velocity is 
determined for each test point.
3.6 Average of all these fourteen values is calculated and is considered as the 
velocity of air around base board heater.
3.7 Repeat the ahove procedure for the second heater.
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4.2.4 Results and Conclusions
Tables 4.13 and 4.14 show the results of the baseboard heart tests. The average 
velocities around baseboard heaters 1 and 2 are 14.678 ft/min and 17.589 ft/min. 
respectively. They are less than 30 ft/min. Thus, according to ASHRAE Standard 113- 
1990, the baseboard heaters are.
Table 4.13 Velocity readings taken at first heater
Readings (ft/min)
Test points 1 2 3 4 Average
1 4 3 5 3 3.75
2 10 20 9 5 11
3 15 25 8 12 15
4 48 65 46 45 51
5 23 26 21 21 22.75
6 15 22 20 20 19.25
7 5 4 7 6 5.5
8 22 8 9 10 12.25
9 20 20 12 8 15
10 15 26 19 15 18.75
11 3 4 3 5 3.75
12 5 3 6 12 6.5
13 8 6 8 18 10
14 16 4 14 10 11
Average o f all = 14.678
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Table 4.14 Velocity readings taken at second heater
Readings (ft/min)
Test points 1 2 3 4 Average
1 12 20 15 16 15.75
2 15 18 10 15 14.5
3 36 40 45 35 39
4 45 42 30 50 41.75
5 20 16 24 25 21.25
6 15 12 10 17 13.5
7 8 12 15 11 11.5
8 12 15 18 10 13.75
9 25 20 22 27 23.5
10 10 7 15 12 11
11 13 10 7 10 10
12 8 12 15 14 12.25
13 12 15 10 8 11.25
14 5 8 6 10 7.25
Average o f all = 17.589
4.3 Test Procedures for airflow velocities around diffusers
4.3.1 Objective
This test is a done as part of qualification test in the lESR. It is to observe the air 
distribution profile around the ceiling diffuser.
4.3.2 Introduction
To obtain a clear understanding of airflow velocities around diffusers located in the 
eeiling, air distribution profiles are required. So test points were distributed equally and 
uniformly between the hlades of a diffuser, through which supply air is supplied. The 
greater the number of test points, the greater the accuraey of the results. Thus, airflow 
velocities were measured at twelve locations. The instrument used in this test was the
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Velocicalc Plus Meter (Model 8386 from TSI), also known as an anemometer and is 
shown in Figure 4.6.
Model 8386
Figure 4.6 Instrument used to measure air velocity
4.3.3 Test Procedures
1. Prepare for the test:
1.1. Set the fan speed at the required speed
1.2. Laboratory door must be closed
1.3. Allow 10 minutes to obtain steady state conditions
2. Be attentive of the test point locations. Figure 4.7 illustrates the position of all twelve 
test points. The aim was to measure maximum average velocity. Thus, the 
anemometer was placed very close to the diffuser at the test point position.
3. Test all the points for the first diffuser:
3.1 Sensor beam of anemometer is placed in the middle of the blades and it should 
he against the hlades.
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w8.7"
24"
Figure 4.7 Location of test points for diffuser in the ceiling
3.2 Rotate the sensor to get maximum reading.
3.3 Over time look for the average value around which the reading fluctuates.
3.4 That recognized value is noted and move to next test point.
4. Repeat the above test for other three diffusers
4.3.4 Results
Table 4.15 shows the readings at 25 Hz fan speed taken at 11:00 am (11/10/05). Table 
4.16 shows the readings taken at time 9:10 am for second diffuser (11/14/05) at 25 Hz fan 
speed.
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Table 4.15 First set of velocity readings taken at ceiling diffusers
Diffuser (ve ocity in ft/min)
Test
points 2 3 4 5
1 430 435 200 170
2 370 470 415 445
3 80 115 125 115
4 405 405 310 275
5 505 475 320 325
6 120 135 320 95
7 425 490 200 280
8 355 390 350 450
9 82 92 125 120
10 420 380 340 275
11 445 470 415 325
12 130 125 110 85
Avg.
velocity
313.92 331.8 269.2 246.7
Table 4.16 Second set of velocity readings at ceiling diffusers
Diffuser (velocity in ft/min)
Test
points 2 3 4 5
1 340 400 290 270
2 370 460 420 370
3 90 120 90 90
4 340 400 230 300
5 470 470 390 490
6 130 130 125 135
7 340 400 250 260
8 410 420 360 450
9 100 100 115 110
10 370 390 300 300
11 470 510 430 350
12 120 110 100 95
Avg.
velocity
295.8 325.8 258.3 268.3
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4.4 Qualification of the CAD system
Tests were conducted on the CAD system to check its stability and the potential 
variations in parameters like temperature, pressure and airflow volume with time. After 
analyzing the recorded data, the results were judged to be satisfactory and within 
acceptable limits.
Figure 4.8 shows temperature versus time for the supply air temperature, reference 
temperature, and average supply air diffuser temperatures for the CAD system. Figure 4.9 
shows the south wall surface temperature versus time. Figure 4.10 shows the static 
pressure of air in the return air duct, supply VAV box, and a reference point versus time. 
Stable conditions for the CAD system can be observed from these figures.
k  20
I 13
T e m p e ra tu re  H is to ry  o f CAD S y s te m
--------7C2-S average sucpiy aiffoser cemoerature in CAD systerv
t K- OM ;
TC23-:? average «mperatwe n the ceiling s enjm
7:12 PM 12/2^059:36 PM 12/3/OS 12:tK) AM l2/3fôS 2:24 AM 12/3^5 4:48 AM 12/3/05 7:12 AM 12/3^35 9:36 AM 12^3/05 12:00 PM
Figure 4.8 Temperature histories of few critical points in the CAD system
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Z o n e  4  W all S u r fa c e  T e m p era tu re  H is to ry
23
12/2/QS S;3S
Figure 4.9 South wall surface temperature histories in the CAD system
CAD S y s te m  S ta tic  P re s s u re  H istory
0.1
___
•0.06
•0.08
'.mm &;36 PM
Figure 4.10 Static pressure histories of few critical points in the CAD system
4.5 Qualification of the UFAD system:
Tests were conducted on the UFAD system to check its stability and potential 
variations in parameters like temperature, pressure and airflow. After analyzing the 
recorded data results were judged to be satisfactory and within acceptable limits.
Figure 4.11 shows the temperature histories versus time for critical points in the 
UFAD system. Figure 4.12 shows the south wall surface temperature versus time. Figure 
4.13 shows the static pressures versus time at selected points in the UFAD system. The 
Figures indicate that the UFAD system in the lESR is stable.
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Temperature History of UFAD System
30
26
20
IS
10
12W05 2:24 PM
Figure 4.11 Temperature histories of few critical points in the UFAD system
12WD5 2:24 AM
Z o n e  4  W all S u r fa c e  T e m p e ra tu re  H isto ry
28
27
26
25
24
22
21
20
12/4/05 7:12 AM 12/4^5 9:36 AM 12/4/Cffi 12:0G PM 12/4/05 2:24 PM 12/4/05 4:48 PM
Time
Figure 4.12 South wall surface temperature histories in the UFAD system
UFAD S y s te m  S ta tic  P r e s s u r e  H isto ry
space slatlc
 =.
Figure 4.13 Static pressure histories of few critical points in the UFAD system
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATION
5.1 Conclusions:
• A thirteen zone surface temperature control system has been developed for all 
lESR room surfaces. This includes the four walls, ceiling and floor.
• The lERS has been developed to support both CAD and UFAD air distribution 
systems.
• There is no accurate method to calculate load and airflow required for an UFAD 
system.
• The lESR CAD system has been qualified by demonstrating its ability to maintain 
stable conditions for parameters like airflow, temperature and static pressure for 
zero and full load conditions.
• The UFAD plenum in the lESR has been qualified for air leakage rate per GSA 
guidelines.
• The lESR UFAD system has been qualified by demonstrating its ability to 
maintain stable conditions for parameters like airflow, temperature and static 
pressure for zero and full load conditions.
• The lESR can be used for tests related to thermal comfort, sound and lighting.
• Heat loads can be simulated, varied, and monitored in the lESR.
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• The four-axis mechanical traversing mechanism and adjustable height ceiling 
make the lESR a very versatile and flexible test laboratory.
• The lESR has a very sophisticated computer-controlled instrumentation and 
measurement system.
• The lESR computer-controlled instrumentation and measurement system can 
continuously monitor and store data from over 200 sensors in real time.
5.2 Recommendation:
• lESR can be used for full scale testing on thermal comfort, indoor air quality, and 
air distribution issues.
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